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PREFACE

Once again the present volume contains the majority of the papers
presented at the Third Pan-American Biodeterioration Society Meeting
held at The George Washington University, Washington, D.C., USA, on
August 3, 4, 5, and 6, 1989. The sponsors for this symposium included
The George Washington University, The Smithsonian Institution, The
Virginia Department of Health, The University of Connecticut, The
National Institute for Occupational Safety and Health, Clark Atlanta
University, Ball State University, the U.S. Naval Research Laboratory,
the Agriculture Research Service/U.S. Department of Agriculture, the
University of Georgia, the Metropolitan Museum of Art, Morehouse
College, the University of Texas at Houston, North Carolina State
University, the U.S. Food and Drug Administration, and the Forest
Service/U.S. Department of Agriculture.

The program was developed by members of the Program, Planning, and
Organizing Committee. Leading scientists in specific topic areas were
invited. Also we accepted contributed papers from individuals and
laboratories actively involved in relevant areas of research and study.
The participation of internationally established scientists was
encouraged. The Society (PABS) tried to ensure that the program
reflected current developments, informed reviews, embryonic and
developing areas, and critical assessment for several aspects of the
present state of knowledge as it relates to the major sections of the
proceedings. Obviously, not all aspects of biodeterioration or
biodegradation are represented.

All the papers included herein underwent scientific and technical
peer review. Some papers do not appear in the volume because they were
judged not suitable for publication or failed to meet specific deadlines
or format requirements. Included also are several papers that were
either not fully presented at the meeting, arrived after the meeting
program was established, or were considered appropriate to complement

the presented program topics. The order and organization of the

xiii



contributions vary somewhat from that of the actual meeting session.
Program speaker papers are grouped with their appropriate topical
section.

This book is the result of the efforts of the Program, Planning,
and Organizing Committee, section organizers, PABS co-program chairmen,
session chairpersons, authors, and those behind the scene assistants
listed in Acknowledgments and Appreciations. The assistance provided by
the many scientists who provided us with timely reviews of the
manuscripts was a significant factor, allowing for the rapid publication
of the symposium.

This publication is considered to be a general contribution to the
broad sciences of biodeterioration, degradation, and deterioration in
general. There has been maintained an increased emphasis upon wood
decay in this, the third meeting. An expanded, additional emphasis in
indoor air quality topics was included in the program for the first
time. The largest aspect of the meeting continued to be associated with
mycotoxins. In this topic, the editors continue to recognize their bias
as well as the historical role that fungal toxins have played in the
original development of our parent society, The International
Biodeterioration Society in the United Kingdom.

The international aspect of this book and meeting is supported by
authors, program speakers, and/or other participants representing six
nations. Participants primarily represented North America, therefore
quite appropriately complementing PABS, the Pan-American name sake. The
European and Far East representation must be recognized also, as is
evident in the following overall 1listing of countries represented:
Sweden, Canada, Yugoslavia, Republic of Singapore, Indonesia, and the
United States of America.

We believe these proceedings, especially since they have been
reviewed and edited and include work from beyond the western hemisphere
and Pan-America, will be of substantial value to a broad range of

scientists.

The Editors
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INTRODUCTION AND OVERVIEW

The Role Of Biodeterioration In Agriculture, Forestry,

Agronomy, Cultural Properties, Economics, And Public Health

Biodeterioration is often a misnomer, in that we tend to use
biodegradation, deterioration, degradation, pollution, decay and other
terms as synonyms. As authors and editors of this proceedings we are
also guilty of a very "loose'" application of the definition. For
example, numerous examples of health-related issues have crept into
this editon via papers relevant to the reduced quality of human food,
animal feed, parasites, water quality, air quality, and diseases in
general. But the mainstays of biodeterioration are also present and
they support the basic definition as follows: Biodeterioration is an
undesirable change caused by microorganisms. Generally fungi and
bacteria are prime deteriogens, but other organisms such as plants,
invertebrates, birds, and rodents are often "legally" included. Not to
be confused but often excluded by the '"purist", is biodegradation. The
latter is often considered as a planned, controlled, and purposeful
breakdown or alteration due to organisms. There is no doubt that this
text continues to apply a very broad and multidisciplinary
interpretation to biodeterioration.

The information contained herein is much more important than
debating a definition. The papers reported touch every aspect of
our lives including building materials, water, food, medicine,
clothing, and art objects. Disciplines involved begin with
microbiology, mycology and biochemistry and extend to economics,
agriculture, forestry, agronomy, industrial hygiene, human and
veterinary health, epidemiology, forensic science, toxicology,
chemistry, physics, soil biology and chemistry, conservation in
museums, cultural materials, and economics.

The major biodeteriogenic topics discussed in this



proceeding  concerns the areas of wood decay, mycotoxins,
organisms  affecting air and water quality, alteration and
degradation of enzymes, effects of toxins, microorganisms, and
xenobiotics wupon cellular systems, organisms affecting food and
feed quality, deterioration of man-made fibers in soil, biocides
and statue restoration, controlling biodeterioration in museums,
and wood preservation.

Although there continues to be valued classical-type
biodeterioration studies included in the chapters, modern and
recently developed techniques are also an integral part. For
example, there is included in this edition a broad-spectral
application of immunological techniques. Also models have been
developed applying recent biotechnology developments.
Methodological progress is reported for numerous quantitative-and
qualitative-oriented studies. They range from a basic scientific and
research laboratory approach to developments that are applicable to the
regulatory process. From a biodeterioration standpoint, a common thread
in many of the articles and all the sectional topics is the effort to
predict, detect, and control undesired effects of microorganisms.
Prevention of biodeterioration is the engine that drives the topic.

The proceedings, with its five major sectional topics relevant to
wood decay, mycotoxins, air quality, and cultural properties, including
general biodeterioration, provides the basic organizational format.
Biodeterioration and biodegradation, with its inherent
multi-disciplinary nature, provides the basis for substantial sharing
and exchanging of knowledge. It is of the utmost importance that the
information in these areas be communicated so that scientists involved
in sub-disciplines may mutually benefit. So, presented in this the
third edition, are recent reports and review articles by
biodeteriologists, as they relate to agriculture, forestry,
conservation and preservation, toxicology, environmental biology, and

human health.

Gerald C. Llewellyn, Ph.D.
Virginia Department of Health
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THE ROLES OF MYCOTOXINS AS BIODETERIOGENS

INTRODUCTION

There are two parts to this section: Part A entitled, '"Mycotoxicoses,

In vitro, In vivo: Conjecture - Hypothesis - Validation" and Part B

entitled, ''Mycotoxins: Their Detection, Occurrence, Interaction, and
Ecology'" . These two parts, each having its own introduction, are the
basis by which the symposia were organized. Most of the contributed
papers have been included in Part B, because they were relevant to the
general topic covered. Therefore Part B is a more generalized
representation of the actual symposium and speakers at the meeting. Some
papers were repositioned and placed into the most appropriate part or
another section, based on their content. There is no doubt that both the
very specialized Part A and the very general Part B, both contribute to
recent developments in mycotoxinology and mycotoxicology as they relate
directly and indirectly to biodeterioration.

It was the objective of the organizers to provide an opportunity to
include traditional studies relating mycotoxins to Dbiodeterioration as
well as providing innovative and controversial reports such as those in
Part A.

There is little doubt that the topics covered in both Part A and Part
B show the diversity and interdisciplinary nature of mycotoxicology and
mycotoxinology. Studies ranged from interests in mycology, to toxin
production, to responses in animals, and to reviews on specific toxins.
In reality, mycotoxins affect not only the farmer but the consumer as
well. There are reports discussing the molecular, cellular, and organism
levels. The scientific disciplines range from chemistry, to
mycotoxicology, to biochemistry, to analytical chemistry, to toxicology,
to organic chemistry, to economics, to veterinary science, and to human

health.



Based on these papers in both Part A and Part B, there is continued
evidence that this topical area deserves both research and regulatory
support in an effort to control aspects of biodeterioration which affects
the health and economics of a variety of citizens in most countries on
earth. Areas that need special emphasis continue to be the identification
of the problem, control, prevention, and application of new technology.
It is expected that research needs in this area will continue well into
the 21st century.

Recognizing that mycotoxicology and/or mycotoxinology are
approximately 30 years of age at the present time, it is only necessary to
study the reports presented by the scientists in the following two
sections as they share their developments and progress as it is relevant
to biodeterioration, biodeteriogation and toxicology, to illustrate the
chronology which continues from the early 1960's. It is within the realm
of reasonable expectation that the role of biodeterioration in
mycotoxicology/mycotoxinology will continue at least for another three

decades.

Gerald C. Llewellyn, Ph.D.
Bureau of Toxic Substances
Virginia Department of Health
Richmond, VA
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MYCOTOXICOSES, /N VITRO AND /N VIVO:
CONJECTURE-HYPOTHESIS-VALIDATION

INTRODUCTION

It is beyond question that a multitude of fungal metabolites are
absorbed by animals and man on a regular basis. The significance of this
fact to animal and human health is obvious only when accumulation results
in acute toxicity. Realistically, however, acute toxicity is the
exception rather than the rule and the effects of low level consumption,
inhalation or percutaneous absorption of these bioclogically active fungal
metabolites are for the most part unknown. All researchers who work with
fungal metabolites, frequently ponder this great "unknown''.
Occasionally, a conjecture or hypothesis will appear in print, buried in
the recesses of the Discussion, but the most frequent location for
conjecture and hypothesis is in offices, hallways, restaurants and pubs,
far from the reach of even the most powerful computerized information
retrieval system. The goal of this session of the Third Meeting of the
Pan-American Biodeterioration Society was to provide a forum in which
presenters and discussion panel members were encouraged to extrapolate
from what is known experimentally, in vitro and in vivo, to what is not
known. For example, to attempt to connect logically the results of in
vitro work to the in vivo situation with special reference to subacute
levels of exposure. Presenters and panel members were also encouraged to
present testable hypothesis for revealing the potential of fungal
metabolites to affect biological function with chronic exposure and at
environmentally realistic levels of contamination of foods and feeds. It
was fitting that this session was part of a society whose primary concern
is the biclogical deterioration of matter since the ultimate matter
subject to biological degradation must be that of our own physical being.

There were six papers presented and following each paper there was a
discussion which was led by the invited panel comprised of Drs. Bruce
Jarvis and George Bean of the University of Maryland, and Dr. Winston

Hagler of North Carclina State University. Each mycotoxin covered, was



the subject of some recent controversy. The discussion following the
paper on fusarin C focused on the fact that this mycotoxin is probably
not involved in either leukoencephalomalacia or esophageal cancer, as
once suspected. The use of bioassays with animal cell culture was
proposed as the ideal approach for identifying commodities containing

Fusarium moniliforme toxins. With ochratoxin A, the relationship between

endemic Balkan nephropathy and this toxin was the main subject of
discussion. The fact that the kidney of humans suffering from Balkan
endemic nephropathy is usually small where as animals intoxicated with
ochratoxin A have enlarged kidneys was questioned. The recent NTP report
that ochratoxin A is carcinogenic in rats was also discussed. It was
pointed out that while ochratoxin is not a problem in the United States,
it is a problem in Canada and parts of Europe. The discussion on patulin
centered on the fact that patulin is still considered by some to be a
threat to consumers even though in vivo toxicity is quite low. The
carcinogenic potential of patulin and its potential as a peroxidative
agent was also discussed. There was considerable discussion following
the paper on cyclopiazonic acid. It was suggested that the conflicting
results in toxicity studies with rats might be due to genotypic and
phenotypic differences. This suggestion was based on the finding that

the toxicity of aflatoxin B, in broiler chickens is much lower today than

1
it was several years ago. The possibility that cyclopiazonic acid may be
converted to isco-cyclopiazonic acid or a less toxic tautomeric form in

bicarbonate buffer was also discussed.

Ronald T. Riley

USDA-ARS

Toxicology and Mycotoxins Research
Unit

R.B. Russell Research Center

Athens, GA
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Mycotoxicoses, /n Vitro and In Vivo:
Conjecture-Hypothesis-Validation

RONALD T. RILEY, Toxicology and Mycotoxins Research Unit, R.B. Russell
Research Center, USDA-ARS, P.0. Box 5677, Athens, GA 30613, USA

INTRODUCTION

The wultimate goal of food safety research is to ensure the quality
and safety of the food supply. This includes the safety of both animal
feeds and human foods. Within the concept of "biodeterioration", the
impairment of human and animal health through the consumption of fungal
metabolites in the food supply seems an appropriate, if not the ultimate,
subject for study. Our health, and that of the animals upon which we
depend, is clearly an area of great public concern. This concern creates
the social and political force which sustains the monetary support of all
professional scientists who study the biological activity of fungal
metabolites which contaminate foods and feeds. Unfortunately, the
public's concern for food and feed safety is sometimes forgotten or
avoided by scientists who enjoy doing experimental research. Few would
disagree, that solving basic problems is important, however, the
consumer's concern is the applied problem -food and feed safety. In the
field of mycotoxicology, it is difficult to maintain focus on this applied
problem because the chemical and biological diversity of the subject
matter reveals an infinite number of exciting and rewarding areas for
basic research, while the epidemiological database that supports the
hypothesis that fungal toxins in the food supply are a threat to American
consumers 1is extremely limited or non-existent (Food and Chemical News,
1986). The animal risks are more apparent though often not well
documented. For these reasons it is important that we, as research
scientists, occasionally step back and evaluate where we are in terms of
identifying those fungal metabolites which might pose a significant risk

to human or animal health.

EXTRAPOLATION FROM IN VITRO TO IN VIVO
Whereas, in the 1laboratory it is relatively easy to identify

metabolites which are toxic, extrapolating these results to human and

1



animal health 1is quite difficult. The in vitro and in vivo toxicity
experiments which toxicologists conduct in the laboratory are usually
oversimplifications of the real world situation. Relating the results
from in vitro studies to in vivo, and relating this to food and feed
safety is a speculative art. For example, in vitro studies in my
laboratory have shown that cyclopiazonic acid is a potent inhibitor of
calcium-dependent ATPase activity, calcium accumulation and calcium
efflux in rat sarcoplasmic reticulum vesicles (Goeger et al., 1988; Goeger
and Riley, 1989). We also know that cyclopiazonic acid causes alterations
in calcium homeostasis in cultured muscle cells (Riley et al., 1989) and
that concurrent with this there is an increased intracellular
electronegativity that is associated with a fixed charge alteration which
appears to be restricted to the cytoplasmic surface of the plasma membrane
(Riley et al., 1986 and 1987). Demonstrating whether or not the fixed
charge alteration observed in cells is causally related to the alterations
in calcium homeostasis will be experimentally quite difficult as will be
relating the fixed charge alterations in muscle cells to the effects on
calcium transport in sarcoplasmic reticulum vesicles. Nonetheless, there
is a theoretical basis for mechanistically connecting these phenomena
(Krueger, 1989). A more arduous task will be equating the in vitro
biological activity with the in vivo toxicity of cyclopiazonic acid. Here
again, there is a theoretical basis for equating alterations in calcium
homeostasis to toxicity (Komulainen and Bondy, 1988; Trump et al., 1981)
and there exists data from in vivo studies which could be explained due to
cyclopiazonic acid-induced alterations in calcium dependent processes
(Peden, 1989). However, the most difficult task will be relating the in
vitro biological activity to food and feed safety. At this point it seems
unlikely that the safety of American consumers will ever be threatened by
cyclopiazonic acid in the food supply. But are there specific sub-
populations which may be at risk? Would in vivo inhibition of calcium-
dependent ATPase activity or altered calcium flux at the cellular level
impair the functional capacity of certain individuals wunder specific
physiological conditions? Are there animal populations at risk? The in
vitro data cannot stand by itself to demonstrate risk, but it can point
the way to new experiments which may identify populations at risk and thus
improve the safety of the food supply by establishing controllable factors

for those who are identified as being at risk.

RISK ASSESSMENT

This past year the intensity of the food safety debate has increased

12



and the risk associated with natural products which contaminate foods and
feeds has received considerable attention (Kilman, 1989; Ames and Gold,
1989). An interesting aspect of the debate is illustrated in the
discussion over the human carcinogenicity of aflatoxins. The accumulated
data is, for the most part, accessible and the studies which have been
conducted are relatively straight forward with results easily comprehended
by most biological researchers. Nonetheless, the same data is often
interpreted quite differently by equally competent scientists. Based on
the same data, some argue that the evidence suggests that AFB] is not a
carcinogen in man (Stoloff as quoted by Food and Chemical News, 1989a),
while others have concluded that there is sufficient evidence of
carcinogenicity in humans (International Agency for Research on Cancer,
1987). While this debate on the interpretation of the data continues, the
National Toxicology Program has proposed the addition of "Aflatoxins" (not
just AFBj) to the list of known human carcinogens in the Sixth Annual
Report on Carcinogens (Food and Chemical News, 1989b). Interpreting
existing data can be difficult and divisive, however even more complicated
situations can be envisioned. For example, it has been suggested that one
consequence of reduced use of Alar could be higher levels of the mycotoxin
patulin in apple juice (Ames and Gold, 1989). Ames and Gold (1989) state
that the "carcinogenicity of patulin has not been adequately examined" and
cite the International Agency for Research on Cancer (1986) as support for
this statement. The actual TARC evaluation of patulin is:

"There is inadequate evidence for the carcinogenicity of patulin

in experimental animals. No evaluation could be made of the

carcinogenicity of patulin to humans" (International Agency for

Research on Cancer, 1986).
This serves to illustrate that even though the IARC conclusion is clearly
stated, there is room for interpretation. The nature of the
interpretation depends on perspective of the interpreter. For example,
those in fear of future litigations will take the conservative position.

The Material Safety Data Sheet provided by Sigma Chemical Company when

purchasing patulin, indicates that patulin is a suspected animal
carcinogen and on the vial in which it is supplied is the statement 'May
cause cancer'". Ames and Gold (1989), and Sigma Chemical Co., apparently
takes a more conservative view than some other U.S. scientists who
recently concluded that "...on the basis of occurrence and/or toxicity,
patulin.....does not appear to be a real concern" (Jelinek et al., 1989).
The consequence of disparate opinion is that unless they are experts on a

particular compound, often even scientists must chose sides on subjective
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rather than objective grounds. At the same time new mycotoxins are being
discovered. These newly discovered fungal metabolites will warrant
serious study if they are found to contaminate foods or feeds. For
example, the causative agent (fumonisin Bj) of leucoencephelomalcia (LEM)
has recently been identified (Marasas et al., 1988a) and it has been found
in corn associated with LEM in the United States (Voss et al., 1989).
Fumonisin Bl deserves attention because it is a potential animal
carcinogen (Gelderblom et al., 1988a and 1988b) and it is produced by

Fusarium moniliforme, one of the most prevalent fungi found on food and

feed commodities such as corn (Marasas et al., 1984). The presence of F.
moniliforme on corn has been associated with human cancers (Marasas et
al., 1988b). Twenty five years of intense scientific research on
aflatoxins has not resulted in a consensus of scientific opinion on the
carcinogenicity risk to humans although it is agreed that AFB; is a potent
hepatotoxin. It will be interesting to see where we are twenty five years
from now with the fumonisins.

It 1is beyond question that a multitude of fungal metabolites are
absorbed by animals and man on a regular basis. The significance of this
fact to animal and human health is usually obvious only when accumulation
results in acute toxicity or carcinogenicity. Interestingly, of all the
myriad mycotoxins which contaminate foods and feeds, only aflatoxins are
considered by the IARC and NTP to be human carcinogens (Table 1). IARC
groups sterigmatocystin as a possible human carcinogen and NTP has
proposed ochratoxin A for inclusion as '"reasonably anticipated to be a
carcinogen" (Food and Chemical News, 1989b). It has been estimated that
the cancer risk associated with mycotoxins in human foods is 7.61 x 10-8
(Scheuplein, 1990) the lowest risk estimate of the 7 food categories,
containing carcinogenic substances, that were compared. Realistically,
however, acute toxicity and carcinogenicity are the exceptions rather than
the rule and the effects of low 1level consumption, inhalation or
percutaneous absorption of these biologically active fungal metabolites
are for the most part unknown. All researchers who work with fungal
metabolites, frequently speculate on the potential of fungal metabolites
in the food and feed supply to alter immune response, reproduction,
development, behavior, renal and liver function, etc., in high risk human
and animal populations. For example, the effects of zearalenone on
pregnant women and young children, ochratoxin on renal function in people
with kidney disorders, cyclopiazonic acid on individuals with muscle
disease, tricothecenes on individuals with immunological disorders, etc.

Unfortunately, these speculations seldom appear in the accessible
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Table 1. Summary of the International Agency for Research on Cancer
(IARC) FEvaluation of Carcinogenic Risk for Fungal

Metabolites Found in Foods 2.

Degree of Evidence

for Carcinogenicityb

Compound Overall Evaluation®
Human Animal
Aflatoxins S
Citrinin ND
Cyclochlorotine ND
Fusarenon X ND I 3
Luteoskyrin ND
Ochratoxin A I L
Patulin ND
Penicillic acid ND L 3
Sterigmatocystin ND S 2B
T2-tricothecene ND I
Zearalenone ND L

8Excerpted from Table 1 of the IARC (1987) overall evaluation of
carcinogenicity update of IARC monographs 1 to 42.

bND, no adequate data; I, inadequate evidence; L, limited evidence;
S, sufficient evidence. Detailed definition of terms can be found
in the Preamble to IARC, 1987.

COverall evaluation 1, "carcinogenic to humans"; 2B, '"possibly
carcinogenic to humans"; 3, 'not classifiable as to their

carcinogenicity to humans'".

scientific literature, although they occasionally turn up in the popular
press.

It is often politically and professionally dangerous to extrapolate
the cause and effect relationships revealed from controlled experiments to
diseases which are clearly multifactorial. The legal and moral pitfalls

and economic damage that can be done are well illustrated by the recent
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series of events related to the occurrence of Alar in apples (Koshland,
1989; Groth, 1989), aflatoxins in corn (Kilman, 1989) and even toxins as
yet to be identified (Marshall, 1983). It is my opinion, and I believe
that of many other research scientists, risk assessment is avoided because
it appears to be more political than scientific. Nonetheless, it is
better that the discussion be initiated by researchers in a scientific
forum rather than by celebrities speaking before congressional committees,
an enraged citizenry going to the polls, or journalists in the popular
press. As scientists we must be as open to being educated by the public
as we are ready to educate. Edward Groth (1989) stated this need well in
his letter to Science:

"....we must listen to what people say about risks. It is not

the size of the risk but its moral offensiveness that makes the

public respond so strongly." When scientists are apathetic to

public concern then "...the posture they strike makes scientists

seem arrogant, insensitive, and unconcerned about things that

matter a lot to average people. If such reactions predominate,

both the quality of the public debate and the perception that

science has helpful solutions will suffer grave damage".
At the same time it is important to remain cognizant of the fact that in a
democracy, those who are recipients of public funds, "must respond to the
picture of what is in the public mind, even if that picture is

unrealistic" (Herbert Stein, as quoted in The Wilson Quarterly, Summer,

1989). It is in fact the unrealistic picture to which scientists must be
most responsive. The following is excerpted from the April 5, 1989 cover
letter which accompanied the the report of the 1988, Office of Scientific
Public Affairs-organized, Food Safety Workshop (Greenburg, 1989):
"...However, also apparent in the report is the scientists'
frustration with the public misconceptions of risks associated
with foods. These misconceptions give rise to the political
pressures that force our food protection agencies to concentrate
their resources on minor risks (pesticides and drug residues)
rather than more important threats (microbiological and natural
toxicants). The report emphasizes the responsibility of the
scientific community to communicate the concept of risk more
effectively to the public."
For basic researchers, the goal of communicating the concept of risk to
the public is probably an unrealistic aspiration. However, within the
realm of possibility, and perhaps the first step in the thousand mile
journey to attain the former goal, is to communicate to each other our own

concepts of risk based on our in yvitro and in vivo studies.
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THE GOAL OF THIS SESSION

The goal of this session of the Third Meeting of the Pan-American
Biodeterioration Society is to provide a forum in which presenters and
discussion panel members will be encouraged to extrapolate from what is
known experimentally, in vitro and in vivo, to what is not known. For
example, 1) to attempt to connect logically the results of in vitro work
to the in vivo situation with special reference to subacute Ilevels of
exposure; 2) to attempt to explain those experimental paradoxes which
confound our attempts to offer either objective or subjective risk
assessment. Presenters and panel members will also be encouraged to
present testable hypotheses for revealing the potential of  fungal
metabolites to affect biological function with chronic exposure and at
environmentally realistic levels of contamination of foods and feeds.
Each fungal metabolite to be discussed is the subject of some controversy.
Ochratoxin A is of concern because it has been proposed for inclusion in
the 1list of substances '"reasonably anticipated to be carcinogens" (Sixth
Annual Report on Carcinogens) and it has been implicated in human and
animal nephropathy. Cyclopiazonic acid is of interest because it appears
to be more prevalent than previously assumed (Jelinik et al. 1989), it has
been implicated in human disease (Rao et al., 1985), and the results of
several toxicity studies with rats are not in agreement (Purchase, 1971;
van Rensburg, 1984; Morrissey et al., 1985; Voss et al., 1989). Patulin
is of interest because, even though some scientists believe it to be of
little concern (Jelinek et al., 1989), there are others who believe that
patulin has not been adequately studied (Ames and Gold, 1989). T-2 toxin,
and many tricothecenes, are potent immunomodulators. An important
question is the role immunosuppressive mycotoxins play in animal disease
and how they affect immunization programs designed to protect farm animals
from common pathogens. Finally, fusarin C is of interest because it has
been shown to be a potent mutagen in the Ame's test (Gelderblom, et al.,
1983) and although it is not a carcinogen (Gelderblom et al., 1986), it is
produced by the same isolates of F. moniliforme which produce the newly
discovered, suspected animal carcinogen, fumonisin Bl (Bezuidenhout et
al., 1988).
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Patulin: Mycotoxin or Fungal Metabolite? (Current State of Knowledge)

LEONARD FRIEDMAN, Division of Toxicological Studies, Center for Food Safety
and Applied Nutrition, Food and Drug Administration, Beltsville, MD 20708
USA

INTRODUCTION

Following the discovery of penicillin by Fleming in 1929 a flurry of
work ensued in which similar approaches were applied to the search for
other antibiotics. One of the products of this search was the compound
patulin, initially isolated from filtrates of a strain of Penicillium
claviforme by Chain et al. (1942). The compound, originally referred to
as clariformin and possessing potent antibacterial activity, was the
subject of numerous chemical and biological studies soon after its

isolation from a strain of Penicillium patulum PRainier and

characterization by Birkinshaw et al. (1943). Elucidation of the
structure was made by Woodward and Singh (1949). It has since been shown
to be produced by several species of Aspergillus and Penicillium and at
least one species of Byssochlamys, as reviewed by Ciegler (1977) and
Stott and Bullerman (1975).

Patulin (Figure 1) has a furopyrone structure containing an
alpha-beta unsaturated lactone system with the carbonyl group of the
lactone conjugated to the double bonds. The double bonds thus become
susceptible to nucleophilic attack additions as exemplified by the
Michael addition reaction. Such addition reactions have been postulated
to explain reactions between sulfhydryl-containing amino acids and
patulin that result in apparent modifications in the toxin structure
(Singh, 1967; Hofmann et al., 1971; Ciegler, 1977). However, the
chemistry involving this polyketide lactone is apparently quite complex.
For example, there are indications that the compound reacts not only with
sulfhydryl groups but also with amino groups of amino acids and

proteins under the right conditions (possibly also by addition reactions)
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Figure 1. Chemical structure of patulin (4-hydroxy-4H-furol[3,2-c]pyran-
2(6H)-one) .

(Ashoor and Chu, 1973b; Ciegler, 1977; Lindroth and von Wright, 1978) and
that ring opening of the hemiacetal group may allow for the formation of
Schiff bases with the amino groups of free amino acids or proteins
(Wallen et al., 1980). The carbonyl group of the lactone 1is also
available for possible reaction with the amino groups of amino acids or
proteins. Unfortunately very 1little work has been carried out to
properly isolate and characterize the adducts of patulin. This will be
vital in elucidating the mechanisms of the toxicity and reactivity of
patulin in biological systems.

Patulin is quite soluble in aqueous solution; it absorbs UV 1light
with a single peak at 276 nm (which decreases after reaction with SH
groups) and is quite stable in acid solutions (between pH 3.3 and 6.3)
and unstable in alkaline solutions (Stott and Bullerman, 1975). Its
instability in some foods has been attributed to reaction with
SH-containing compounds (Ciegler, 1977). Information concerning the
levels of patulin reported in some foods or food products is summarized
in Table 1.

Although patulin and/or strains of fungus known to produce the toxin
under artificial conditions are found in a number and variety of food
commodities, rotted apples and products prepared from apples are the
principal foods that contain patulin in measurable quantities (Stott and
Bullerman, 1975; Ciegler, 1977) and in which patulin is stable (Pohland
and Allen, 1970; Lovett and Peeler, 1973). IARC (1986) reported levels
of toxin from 0.001 to 1.2 ppm in apple juice and up to 100 ppm in rotted
apples. Other reports indicate from 45 ppm in "organic apple cider"
(Wilson and Nuovo, 1973) to 1000 ppm in apple sap (Brian et al., 1956).
It can be calculated that for a 25-kg child drinking a liter of apple

juice containing 0.052 ppm patulin, and assuming complete absorption (see
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Table 1. Levels of Patulin in Some Foods and Food Productsa.

Food or Food Product Concentration (ppm)
Apples (rotten) 0.2 - 100

Apple juice 0.001 - 1.2
Apple juice (USA) 0.044 - 0.309
Baby food (apples) 0.01 - 0.1
Bread (moldy) 0.02 - 0.3
Other juices 0.021 - 0.062

aAdapted from IARC (1986).

discussion later) and uniform distribution, a tissue or blood level of
1.35 x 10_8M patulin could be obtained. However, if we use the extreme
level of 45 ppm, a level of approximately ]O_SM is obtained for the
theoretical concentration of the toxin and/or its metabolites in the
body.

Toxicologic studies of patulin were started about 45 years ago; many
of them involved the application of pharmacological systems, including
the use of isolated organs and the intravenous (iv), intradermal,
intramuscular, and intraperitoneal (ip) dosing of animals. In fact, a
paper entitled "Pharmacological Studies of the Effects of Clavatin" (now
recognized as one of the synonyms for patulin) by A. Schweitzer, one of
the first in the series, was dated November 1946. Because of the potent
antibiotic properties of patulin, an extensive amount of such work was
carried out, but the conclusion of this particular paper, confirmed in
part by others, was that patulin was too toxic to be considered for
therapeutic use in humans. Information from many of these studies
indicated that patulin, under the conditions employed, was capable of
producing edema and congestion and hemorrhage in several organs (Katzman
et al., 1944; Escoula et al., 1977). As to whether patulin should be
categorized as a true mycotoxin or simply as a mold metabolite, consider
the definition of mycotoxins proposed by Bennett (1987): 'Mycotoxins are
natural products produced by fungi that evoke a toxic response when

introduced in low concentration to higher vertebrates and other animals
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by a natural route.'" Bennet made no attempt to define low concentration,
but according to the Registry of Toxic Effects of Chemical Substances
(1985-86 edition) one criterion of a toxic substance is any chemical

substance that has a median lethal dosage (LD..) of less than 500 mg/kg

of body weight when administered orally to rat:? Of course the '"natural"
route for patulin in humans would be oral ingestion. Applying this
criterion, patulin certainly meets the definition of a toxin and thus
that of a mycotoxin. When considering in vitro toxicity, most
toxicologists would consider effect 1levels of anything above one
millimolar to be of little physiological signficance. Here too, patulin
must be regarded as a substance with considerable biological activity.

Data presented in this review deal with the effects of patulin,
almost exclusively but not entirely, on mammalian cells and in animals
administered the toxin via the oral route. Although patulin can produce
a variety of effects on cells at low concentrations, the in vivo data are
insufficient and thus do not allow us to conclude that patulin is of no
real concern, as has been stated recently (Jelinek et al., 1989), or to
implicate it as a true and potent mycotoxin with potential risk to
humans. Some human data available from the time when patulin was
considered a candidate for treatment of human infections (including the
common cold) indicate that 0.1 g of compound administered iv produced no
apparent effects (De Rosnay et al., 1952) but given orally caused upper
gastrointestinal symptoms in humans (De Rosnay et al., 1952; Freerksen
and Bonicke, 1951). Patulin also produced dermal irritation when applied
to the skin of humans (de Wit, 1946; Dalton, 1952), a result that may be
related to the early finding that 0.2 mg of the toxin produced sarcoma in
rats when injected subcutaneously twice a week for 64 weeks (Dickens and
Jones, 1961). Patulin was also implicated as the etiologic agent in the
mass death of many dairy cows in Japan in 1952 (Ciegler, 1977).

A collage of laboratory data 1s presented here to i1llustrate the
types of effects patulin produces in vitro, the range of effect levels,

and some of the effects produced in animals after oral administration.

IN VITRO EFFECTS

Growth and Morphology

An overview of the effects of patulin on various types of cells is

shown in Table 2. Patulin is toxic to a wide variety of cells--bacteria,
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Table 2. Toxicity of Patulin to Microorganisms and Mammalian Cells?.

Microorganism Growth Inhibitory
or Mammlian Cell Concentration (M x 10_5)
Bacteria

Gram negative 1.30 - 13.0

Gram positive 2.60 - 64.9
Fungi 2.14 - 194.8 (some not

affected even at 649)

Protozoa 0.06 - 64.9
Mammalian cells

Norma1® 6.49 = 130.0

Cancer® 0.65 - 39.0

3Summarized from data in Singh (1967).
bMouse leukocytes, normal rabbit corneal epithelium, chick heart, and
fibroblasts.

cL—cells, Ehrlich carcinoma, mouse ascites tumor cells.

protozoa, or normal or transformed mammalian cells. Levels that affect
growth are as low as 6 x 10—7M for some protozoa or 6.5 uM for certain
cancer cells, but some strains of fungi apparently resist the
growth-inhibitory effects of patulin even at 6.5 mM. Levels of patulin
effective for modifying growth or morphological characteristics of cells
are summarized in Table 3. These cells are primarily of mammalian
origin, but for comparison purposes effect levels for some microbial,
chick embryo, and yeast cells are shown. The most sensitive system
here was Chang liver cells in which growth was inhibited at 6.5 x 10—7M,
but there is a broad array of effects, including inhibition of mitosis in
fibroblasts and osteoblasts of chick embryo cells, Hela cells, Chinese
hamster cells, and rodent fibroblasts (10_6M to 5 x IO—SM),
disorganization of cytoplasmic microfilaments in hepatoma cells (3.0 x
10_5M), cytoskeleton changes 1in renal epithelial cells (10_5 to 2.5 x
IO—AM) and cell volume increases of macrophages (5.0 x IO_SM). Thus for

these biological test systems the range of effect levels was about 10_4

to 10-7M. Rihn et al. (1986) state that the effect of patulin on
hepatoma cells resembles the effects seen for other cytoskeleton poisons

like colchicine and cytochalasins.
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Table 3. Effects of Patulin on In Vitro Systems.

I. Morphological and Growth.

Effective Dose

Reference System Effect or Assay ™)
Rihn et al., Hepatoma cells Disorganization of 3.0 x 10-5
1986 cytoplasmic micro-

filaments; loss of

membrane microvilli;

inhibition of mitosis
Kawasaki et al., Hela cells Inhibition of cell 1.54 x 10_5

1972

Hinton et al.,
1989

Schaeffer et al.,

Renal epithelial

Chang liver cells

growth, prolifer-

ation and cell cycle;
pleomorphism of cyto-

plasm and nucleus

Blebbing of cells

Growth inhibition

1075

6.5 x 1077 to

1975 2.5 x 1070
(ED50)

Sorenson et al., Rat alveolar Increase in cell 5.0 x 10"5
1985 macrophages volume (membrane

effect)
Keilova-Rodova, Fibroblast and Inhibition of mito- 5 x 10_5 to
1949 osteoblasts of sis (binucleate 1076

chick embryo cells)

Burger et al., Tetrahymena Growth inhibition 2.1 x 107
1988 pyriformis (EDSO)
Sumbu et al., S. cereviase Growth inhibition 3.2 x 10'4
1983
Kubiak and Chinese hamster Prolongation of 3.2 x 10'6
Kosz-Vnenchak, cells mitosis
1983
Perlman et al., Rat and mouse Inhibition of 1076

1959; Powell,
1966

fibroblasts

replication

DNA and Chromosomal Integrity and Mutagenesis

Examination

the effects of patulin on DNA

integrity and

mutagensis (Table 4) shows that patulin had no effect in such standard
tests as the Ames mutagenesis assay for revertants using Salmonella
typhimurium (Ames et al., 1973) and the DNA repair test of Williams
(1976).

For some tests--the '"rec" (recombination deficient) assay using

Bacillus subtilis, the production of cytoplasmic petite mutants of yeast,

and measurement of reversion in a bacteriophage--effect levels ranged

from 6.5 x 10—6M to 1.3 x IO—AM. However, more consistent results were
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Effective Dose

Reference System Effect or Assay M)

Stetina and CHO and AWRF DNA strand breaks 6.5 x 107°8

Votava, 1986 cells (single)

Umeda et al., HelLa cells DNA strand breaks 2.08 x 10742

1972 (single and double)

Lee and E. coli DNA strand breaks 6.5 x 10"5 to

Roschenthaler, (single and double) 3.2 x 107423

1986

Lee and E. coli phage DNA strand breaks

Roschenthaler, (+CuC12 and single 2.5 x 10~%

1987 NADPH) double 10732

Ueno and B. subtilis M45 rec assay 10 and 100

Kubota, 1976 (recombination- (for DNA alteration) ug/disc?
deficient)

Mayer and Legator, S. cerevisiae, Cytoplasmic petite 1.3 x 10'43

1969 haploid mutants

Burger et al., Bacteriophage Reversion 6.5 x 10'6a

1988 M13am6H1

Belitsky et al., Drosoghila mel- Somatic mosaic 3.2 x 10_3

1985 anogaster (heter- mutation (fed)

Lindroth and
von Wright, 1978

Ueno et al.,
1978; Wehner,
et al., 1978

Kuczuk et al.,
1978

Auffray and
Boutibonnes,
1986, 1987

Krivobok et al.,
1987

Mori et al.,
1984

Belitsky et al.,
1985

ozygous y+/+sn
larvae

E. coli W3110

S. typhimurium
TA1535, TA1537,

TA98 and TA100

S. cerevisiae,

diploid

E. coli K12 and
PQ37

E. coli PQ35
and PQ37

Rat and mouse
hepatocytes

Rat and human
embryonic liver
cells

polAl repair assay

(for DNA damage)
His+ revertant
(Ames) assay

Mitotic recomb.

SOS chromotest
(for DNA damage)

SOS chromotest
(for DNA damage)

DNA repair (UDS)

DNA repair (UDS)

Negative at
6.5 x 107°2

Negative at
250 ug/plate
Negative at
6.5 x 1074P
1 pg/assay and
6.5 x 1o‘§b
Negative at

1.9 x 10742

Negative at
6 x 107

Negative at
1.6 x 1073

2In the absence of S-9 (metabolic system).

PIn the absence or presence of S-9.
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seen in the measurement of DNA strand breaks in vitro in which single-
and double-strand breaks were produced at concentrations of patulin as

low as 6.5 x IO_SM for Escherichia coli and 2.08 x 10—4M for HelLa cells.

Lee and Roschenthaler (1987) found that the DNA-cleaving activity of
patulin was 1inhibited by superoxide dismutase, catalase, and radical
scavengers, suggesting a free radical-mediated process. Strain
differences may also be a factor; for example in the SOS chromotest for
primary DNA damage or mutagenisis using E. coli (Quillardet et al.,
1982), both negative and positive effects were reported.

Results are more consistent for measurement of effects on
chromosomal integrity (Table 5). Positive results were reported in terms
of increase in chromosomal abberations--chromatid but not chromosomal
breaks—-or in sister chromatid exchange (SCE) for several types of cells,
including human peripheral lymphocytes (effect levels, 2.5 to 3.5 x
10-6M) and fertilized salamander eggs (effect level of 4.1 x IO_AM).
Only for CEV 79 cells and for measurement of SCE were negative results

obtained, although chromosomal aberrations were produced in these same

Table 5. Effects of Patulin on In Vitro Systems. III. Chromosomal Integrity.

Effective Dose

Reference

System

Effect or Assay

()

Cooray et al.,
1982

Thust et al.,

Human blood
lymphocytes

Chinese hamster

Sister chromatid
exchange

Sister chromatid

6.5 x 10772

Negative, 1072

1982 V79-E cells exchange

Kubiak and CHO cells Sister chromatid 3.2 x 10-6a

Kosz-Vnenchak, 1983 exchange

Thust et al., 1982 Chinese hamster Chromosomal 2.5 x 10'60
V79-E cells aberrations

Withers, 1966 Human Chromosomal 3.5 x 10-63
leukocytes aberrations

Sentein, 1955 Segmenting Chromosome fragmenta- 4.1 x 10_4 to
salamander tion and inhibition 1.6 x 10'33
eggs of mitosis

Reib, 1975 Allium Inhibition of mitosis 6.5 x 107’2
cepa root and chromosomal Negative for
tips aberrations chromosomal

aberrations

8Measured in the absence of S-9 (metabolic system).

bMeasured in the absence of presence of S-9.
CEffect seen only in the absence of S-9.
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cells by patulin at a concentration of 2.5 x 10—6M (Thust et al., 1982).
An increase of SCE was produced in human blood lymphocytes at a
concentration of 6.5 x 10_7M. Thust et al. (1982) reported no evidence
for alkylation of DNA by patulin and thus inferred a direct action of
patulin on chromosomal protein to explain 1its effect on chromosmal
integrity. Lee and Roschenthaler (1987) also found no binding of 14C

patulin to DNA.

Biochemical Effects

Measurement of biochemical parameters shows that patulin exerted
effects--albeit sometimes at high concentrations--on every metabolic
system tested (Table 6). Effect levels ranged from 1.6 x 10_7M for
irbibition of DNA synthesis to 5 x 10_4M for inhibition of respiration by
rat renal explants. Farlier reviews (Singh, 1967; Ciegler, 1977) did not
find that patulin affected macromolecular synthesis. Ueno et al. (1969)
reported an 807 inhibition of 14C leucine accumulation by rabbit
reticulocytes in vitro at 3.2 x IO-QM, but the technique did not
distinguish protein synthesis from cellular uptake. More recent reports
from several 1laboratories indicated that patulin did indeed affect
macromolecular synthesis in several cellular systems and at low
concentrations. We have found that the effect of patulin on
macromolecular synthesis is probably distinct from, or at least not
solely attributable to, its effect on respiration. The effect of patulin
on RNA, protein synthesis and respiration of rat liver slices (similar to
those for livers from mice, rats, hamsters, and chickens) indicates that
RNA and protein syntheses were affected to about the same degree, which
is generally what others have found (Schaeffer et al., 1975; Sorenson et
al. 1985), but respiration was considerably less sensitive to the toxin
(Peters et al., 1977). Hatey and Gaye (1978) presented data
demonstrating that the effect of patulin on protein synthesis was on the
elongation step of the process, and Moulé and Hatey (1977) indicated that
the inhibition of RNA synthesis was due to the effect of patulin on the
initiation step. Using ‘''permeabilized" E. coli cells, Lee and
Roschenthaler (1986) found that DNA synthesis was much more sensitive to
inhibition by patulin than RNA or protein synthesis and so postulated
that this mycotoxin had selective DNA-damaging activity. DNA synthesis
was particularly sensitive in lymphocytes, as shown for those obtained
from a human source by Cooray et al. (1982) and for those derived from
mice by Robbana-Barnat et al. (1989). The latter workers also
demonstrated the higher activity of patulin among seven other potent

mycotoxins using mouse lymphocytes.
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Table 6.

Effects of Patulin on In Vitro

Macromolecular Synthesis).

Systems.

IV. Biochemical (Respiration and

Effective Dose

Reference System Effect or Assaya or ED50 (M)
Braunberg et al., Rat renal explant Respiration 5 x 1074
1982
Delauney et al., Polymorphonuclear Respiration 1.5 x 1074
1955 leukocytes
Polacco and Sands, Soybean cultures Respiration 6.5 x 10"'5
1977 (EDSO)
Gottlieb and Singh, C. purpurea Respiration 1.95 x 1074
1964 (907%)
Sorenson et al., Rat alveolar ATP level 5 x 10_5
1985 macrophages protein synthesis 1076

RNA synthesis 1074
Burger et al., Tetrahymena RNA, DNA and pro- 2.1 x 10'5
1988 tein synthesis
Hatey and Gaye, Reticulocyte, Protein synthesis 3-6 x 10-4
1978 cell free (on elongation (EDSO)

step)
Schaeffer et al., Chang liver cell Protein and RNA 1.6 x 10-5
1975 synthesis
Peters et al., Rat liver slice Protein and RNA 8.1 x 10_5
1977 synthesis
Hatey and Moulé, Postmitochondrial Protein synthesis 8.3 x 107%b
1979 liver and polysomes
Moule and Hatey, Rat liver nuclei RNA polymerase and 1.3 x 1074
1977 RNA synthesis

(initiation)
Cooray et al., Human blood DNA synthesis 3.2 x 10'7
1982 lymphocytes
Stetina and Votava,  CHO and AWRF DNA synthesis 2.6 x 1077
1986 cells
Tashiro et al., Rat liver Nuclear RNASE H 2.8 x 107°
1979 and RNA polymerase

I and II
Robbana-Barnat Hepatoma cells DNA and pro- 1.1 x 10'6
et al., 1989 Mouse lymphocytes tein synthesis 2.4 x 1077

(both EDSO)

8A11 processes shown were reduced by treatment at levels shown.
brnhibition ranged from 61 to 837.
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The effects of patulin on activities of some specific #enzymes are
shown in Table 7. Although several types of enzymes were affected, the
effect levels (5.2 x 10—6 to 5.2 x 10_2M) were generally greater than
those for the more complex metabolic systems as shown previously.

Enzymes of the terminal electron transport system of Claviceps purpurea

were inhibited to a lesser degree than respiration by cell-free extracts

Table 7. Effect of Patulin on In Vitro Systems. V. Biochemical (Enzyme Activity).

Effective Dose or

Dose at 7 Tnhibition?
Reference Enzyme Source ™M)

Terminal Electron Transport Enzymes

Gottlieb and NADH oxidase, C. Rurguteab (40%)
Singh, 1964 Cytochrome C cell-free
reductase, extracts (307)
Cytochrome
oxidase, (307)
Succinate
dehydrogenase, (60-807)
Succinate oxidase (907%)

all at 5 x 1072

Holscher, 1950 Dehydrogenase Mouse ascites 1.3 x 10-4
(general)® tumor cells
Arafat et al., Phenylalanyl-tRNA  Mouse liver (90%)
1985 synthetase 1072
Ashoor and Chu, Aldolase Rabbit muscle (50%)
1973b 1.3 x 107
Ashoor and Alcohol Yeast (507)
Chu, 1973a dehydrogenase 5.0 x 107
Andraud et al., Urease ? 1.7 x 107

1965; Reiss, 1979

Ashoor and Chu, Lactic Rabbit muscle (50%)
1973a dehydrogenase 6.2 x 1078
Karrer and Co-carboxylase ? 5.2 x 102

Viscontini, 1947

Singh, 1967 Glyceraldehyde-3- ? Not inhibited
phosphate
dehydrogenase
Phillips and Mgz+ ATPase Mouse brain, 1.0-2.0 x 1073
Hayes, 1977 liver and kidney

3Number in parentheses = 7 inhibition.

bInhibition of respiration (02 consumption of this cell-free extract) was inhibited
approximately 607 by 3.2 x 10—4 or growth-inhibitory concentration of patulin.
CSubstrates = glucose, phenylalanine, succinate, and hypoxanthine.
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of this organism, indicating to Singh (1967) that a vulnerable site may
occur in the respiratory reactions before the terminal electron chain.
Likewise, although aminoacyl-tRNA synthetases were inhibited by patulin
(Arafat et al., 1985) the high concentrations required relative to those
effective in inhibiting protein synthesis in whole tissue preparations
(Table 6) make it unlikely that its mechanism of action on this process
can be fully explained by its action on these enzymes. An earlier report
by Hoffmann-Ostenhof (1946) that patulin was unable to inhibit the
activity of urease could not be confirmed by Andraud et al. (1965) and
Reiss (1979) using purified preparations of the enzyme. Finally, Mg2+
ATPase 1in fractions of mouse 1liver, kidney, and brain were 1little
affected by high concentrations of patulin. In fact, Phillips and Hayes
(1977) reported that patulin did not significantly affect Mg2+ ATPase at
concentrations that affected Na+-K+ ATPase 1in preparations of urinary
bladder.

Cell Membranes and Transport

The effects on cell membranes or transport functions of cells are
shown in Table 8. Here again the effects of patulin can be seen in many
systems and generally at concentrations between 10“5 and IO—AM. The
effect of patulin in disrupting the membrane and allowing leakage of ions
was seen in rat alveolar macrophages and renal epithelial cells in which
an enhanced efflux of stored 5ICr and of K ions, respectively, was
produced by patulin at concentrations of 5 x 10_5 and 1 x 10_4M. At
concentrations of 5-10 uM, patulin caused a sustained increase 1in
intracellular electronegativity in cultured renal epithelial cells (Riley
et al., 1989). Examples are also seen for the effect of patulin on
inhibition of ion transport - K+ uptake by erythrocytes (ED50 = IO_QM),
active sodium transport in preparations of toad urinary bladder (5 x
IO_AM), and Na+— dependent transport of glycine in rabbit reticulocytes
(2 x 10-4M). In the last effect approximately 407 of the patulin added to
the media became bound to the cellular components (Ueno et al.,
1976). The enzyme involved in the active transport of Na and K ions
across bioelectrically active cell membranes-—Na+—K+ ATPase (Skou,
1964)-~was also inhibited by patulin at levels between 2 x 10_4 and 3.7 x

1074y,

Physiological Effects--Isolated Organ Systems

Bridging the gap between in vitro studies using cellular systems and

in vivo studies were those in which physiological and biochemical
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Table 8. Effects of Patulin on Cell Membranes or Transport-Related Functionms.

Effect or Effective Dose
Reference System Measurement or EDSO M)
Braunberg Rat renal explant Leakage of proteina 1.0 x 10_3
et al., 1982
Kahn, 1957 Cold stored human K ion uptakeb (EDs() 1072
erythrocytes
Sorenson, Rat alveolar 51Cr release? 5 x 10_5
et al., 1986 macrophages
Phillips and Toad urinary Electrogenic Na* <ED50)
Hayes, 1979 bladder transport 5 x 1074
Na+—K+—dependent (EDSO)
ATPase 3.2°x 1074¢
Hinton Renal epithalial K and Na ion flux? (EDSO) A
et al., 1989 cells 1-2.5 x 1074d
Phillips and Mouse brain and Na+—K+—dependent (EDSO) 4
Hayes, 1977 liver fractions ATPaseP 2.0-3.7 x 107
Ueno, et al., Rabbit reticulo- Na+-dependent (EDSO) A
1976 cytes glycine uptake 2 x 107

Gottlieb and C. purpurea Leakage of No effect at

Singh, 1964 mycelium metabolites 3.2 x 1074

Singh, 1967 Bovine erythro- Leakage of No effect
cytes hemoglobin

Polacco and Soybean Active phenylanine 10_4

Sands, 1977 cultures and threonine uptakeb

3process enhanced by treatment.
Process reduced by treatment.
®No effect on Mg2+ ATPase.
dLess effect on Mg+ ATPase.

measurements were made on isolated organs. At a concentration between
3.25 x 10_4 and 3.25 x 10-3M, patulin markedly depressed tone and
rhythmic activity of the isolated rabbit jejunum or ileum (Schweitzer,
1946). Vick (1959) reported that patulin (1.75 x 10.—3 to 1 x 10-2M)
briefly decreased the countraction of the isolated, perfused guinea pig
ventricle. Most interesting and somewhat predictive of the findings
in later cultured cell studies (Hinton et al., 1989), this mycotoxin
as well as a series of other lactones caused the ventricle to lose
potassium to the perfusate. Finally, addition of patulin to the
medium bathing the isolated guirea pig ileum at final concentrations
of 1.95 x 10_5 to 6.49 x IO—SM inhibited the contractions induced by

nicotine and other tested stimulants (Eliasson, 1958).
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Table 9. In Vivo Oral Toxicity of Patulin. I. Acute, Subacute LDSO'

LDy (mg/kg

Reference Animal Dosing Regimen body wt)

Dailey Sprague-Dawley rat Gavage-single dose 32.5

et al., 1977a

McKinley Sprague-Dawley Gavage-single dose 55.0

et al., 1982 weanling rat

Lovett, 1972 White Leghorn Gavage-single dose 170
cockerel

Hayes Sprague-Dawley Gavage~14 day 6.8

et al., 1979 neonatal rat

McKinley and Swiss ICR mice Gavage-single dose 48.0

Carlton, 1980b (adult)

McKinley and Syrian hamster Gavage-single dose 31.5

Carlton, 1980a

IN VIVO EFFECTS

Acute and Subacute Toxicity

In reviewing the in vivo effects of patulin, primary attention

was paid to the effects following oral administration of the

mycotoxin. The LD50 of a single oral dose to adult rats (Table 9) is
32.5 mg/kg body weight to 55 mg/kg body weight; mice and hamsters are

as sensitive but

chickens are much more

resistant. Assuming a
noncumulative effect of patulin (McKinley et al., 1982) neonatal rats are
extremely susceptible to the lethal effects of this toxin. Some of the
specific effects of acute oral administration of patulin to rodents
(rats, mice, or hamsters) or adult chickens indicate that whether the
administration is in the form of a single dose or multiple doses, a major
target site is the upper gastrointestinal tract (Table 10). Effects
range from gaseous distention to inflammation and ulceration of the
tract. In one study (Dailey et al., 1977a) a dose of 1.5 mg/kg body
weight, the maximally tolerated dose for multiple dosing among those
used, given five times a week for 20-23 weeks produced severe gaseous
distention of the gastrointestinal tract as the only apparent lesion and
cause of death. Only 3 hr after oral doses of 9.0 and 18.0 mg/kg body
weight to female rats, stomachs were distended, apparently with gas

(Friedman, 1989).
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Table 10. In Vivo Oral Toxicity of Patulin. II. Acute, Subacute Tissue Effects.

Reference

Animal

Dosing Regimen

Results
(Tissue Effects)

Dailey
et al., 1977a

McKinley
et al., 1982

McKinley and
Carlton, 1980a

McKinley and
carlton, 1980P

Lembke and
Hahn, 1954

Lovett, 1972

Sprague-Dawley rat

Sprague-Dawley rat

Syrian hamster

Swiss ICR mice

Chicks

White Leghorn
cockerel

Gavage, 1.5 mg/kg,
5x/wk, 20-23 wks

Gavage, 28 and 41
mg/kg, daily, 2 wks
or single dose of
of 50-65 mg/kg

Gavage-single dose
of 25-35 mg/kg

Gavage-16 and 23
mg/kg daily, 2 wks

Gavage, 24 and

36 mg/kg daily/2
wks or single

dose of 35-45 mg/kg

Gavage-0.2 mg daily
for 6 wks

Gavage-66 mg/kg
single dose

Gaseous disten-
tion of GI tract
and increased
mortality

Inflammation and
ulceration of
stomach and
increased
mortality
(effect
noncumulative)

Ulceration and
inflammation of
upper GI tract

Alterations same
as above; effect
noncumulative;
cause of death
and lesions due
to antibiotic
action of
patulin?

Ulceration and
inflammation of
stomach; non-
cumulative
toxicity; death
attributed to
enterotoxemia

Liver lesions

Hemorrhage of
GI tract

Reproductive znd Teratology

Few studies have examined the effects of patulin on reproduction
by mammals. In an oral study (Dailey et al., 1977a) rats were
administered the compound by gavage, five times a week for 10-14 weeks
daily, before mating, and daily during pregnancy at a dose of 1.5
mg/kg body weight. No maternal toxicity was noted. The principal
treatment-related effects were reduction of fetal weights and growth
rates of the FlA and FZA progeny.
in malformations in fetuses derived from treated dams after 20 days of

There was no significant increase
gestation. In a study (Reddy et al., 1978)

in which pregnant mice were
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dosed ip on days 5-16 of gestation, the finding was also weight reduction
of the fetus at 1.5 mg/kg body weight and absorption of the implanted
embryos at 2.0 mg/kg body weight, but no treatment-related teratogenesis.
However, indications that patulin may have teratogenic potential were the
results with fertilized Leghorn chicken eggs in which doses of 1-2 mg per
egg 1into the air sac produced specific malformations of the

limbs--splayed foot and malrotated ankle (Ciegler et al., 1976).

Cytogenesis and Mutagenesis

Measurement of genetic effects after in vivo treatment with patulin
gave mixed results similar to those obtained with the in vitro tests. Tn
a test using the host-mediated assay (Gabridge and Legator, 1969) and in
which single doses of 10 or 20 mg/kg body weight were admirstered to
mice, negative mutagenic activity was obtained with the injected test
microorganism, S. typhimurium strain G&46. In another test for
mutagenesis, the dominant lethal assay (Green et al., 1975) in which male
rats were administered patulin, 1.5 mg/kg body weight 5 davs a week for
10-11 weeks, negative effects were also noted (Daily et al., 1977a).
However, as in the in vitro tests, evidence for an effect of patulin on
the integrity of chromosomes was reported. Examination of bone marrow
cells of Chinese hamsters, 6 and 24 hr after the last of two oral doses
(24 hr apart) of 10 or 20 mg/kg body weight, showed no increase in SCE or
change 1in mitotic index but an increased rate of aberrant mitosis, as
evidenced by an 1increased frequency of chromosomal aberrations.
Chromatid and isochromatid breaks as well as chromatid translocations
were observed (Korte, 1980; Korte and Ruckert, 1980). These effects were
apparently suppressed by giving rats 107 ethanol in place of drinking

water for 9 weeks before treatment (Korte et al., 1979).

Biochemical Effects

A few studies which assessed the biochemical effects of orally
administered patulin reported a number of interesting findings. In both
chicks and rats orally administered patulin diminished the activity of
Na+—K+—dependent ATPase. In rats the effect was seen in the intestine
(Devaraj and Devaraj, 1987) and brain (Devaraj et al., 1982) after a dose
of 4 mg/kg body weight was given every other day for 30 days; in the
chick the effect was seen both in the kidney and intestine after a dose
of 100 mg per bird was administered every 2 days for 30 days (Devaraj et
al., 1986a).
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In rats treatment of 4 mg patulin/kg body weight every other day for
1 month also produced changes in lipid composition (decrease in total
lipids and triglycerides a&and increase in total cholesterol) in the
intestine (Devaraj and Devaraj, 1987), and convulsions--possibly
related to the increase in brain acetylcholine and decrease in brain
acetylcholinesterase (Devaraj et al., 1982). Fuks-Holmberg (1980)
reported no fetal enzyme changes of several enzymes (aminotransferases
and dehydrogenases) assayed after gavage-treatment of pregnant rats (3
mg/kg body weight) for days 1-19 of gestation but noted small changes
in maternal 1liver lactic acid dehydrogenase and alanine amino
transferase.

Other effects of orally administered patulin in the rats were
decreases in levels of blood pancreatic lysosomal markers (cathepsin B
and acid phosphatase) and glucose after the feeding of
patulin-contaminated diet for 3 months (Devaraj et al., 1986b), and liver
and kidney protein synthesis. Protein synthesis, measured as
incorporation of a radiolabeled amino acid into the protein fraction
of liver and kidney, was depressed 3 hr after a single oral dose of
4,5 - 18.0 mg/kg body weight in a dose-related fashion (Friedman et al.,
1989). Glutathione levels in the livers of these treated rats were also
decreased but to a lesser extent than was protein synthesis and only in
the two higher dose levels of 9 and 18.0 mg/kg body weight, e.g., at 18
mg/kg in male rats protein synthesis was inhibited by 66%, whereas
hepatic glutathiore 1level was reduced by only 227 (Friedman, 1989;
Friedman et al., 1989). Similarly, at doses between 9 and 18 mg/kg body
weight a disaggregation of hepatic polysomes occurred (Friedman et al.,
1989), somewhat coinciding with the effect on protein synthesis and
indicatirg that initiation of polypeptide chain synthesis was affected by
patulin treatment. Hatey and Moule (1979) also observed inhibition of
hepatic protein synthesis and disaggregation of liver polysomes in rats
treated with patulin at levels of 1-2 mg/kg body weight, but here
treatment was by ip injection. As in the other effects apparently
perpetrated by patulin treatment, the question is whether the effect was
due to patulin itself or to a metabolite or even a metabolically or
nonmetabolically formed conjugate, e.g., glutathione conjugation of some
compounds increases their toxicity (Monks and Lau, 1989). Aside from the
results with cysteine adducts there is only meager information on this
subject. Tn one study the lethal effect of an ip dose of patulin was
increased by pretreatment with a mixed function oxidase (MFO) inhibitor,

suggesting that the parent compound is the toxic form of this compound
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(Hayes et al., 1979). The findings that chromosomal aberrations of human
lymphocytes were produced by patulin in vitro only in the absence of an
added S-9 metabolic system (Thust et al., 1982) and that chronic
treatment of Chinese hamsters with ethanol, a weak MFO-inducer, reduced
the rate of bone marrow chromosomal aberrations by patulin (Korte et al.,
1979) add weight to this possibility. Related, although perhaps only
remotely, is the finding that yeast exposure to patulin results in the
apparent induction of enzyme systems rendering the organisms relatively
resistant to the growth inhibitory effects of the toxin (Sumbu et al.,
1983).

Immunotoxicity

Two experiments carried out in mice indicated that some
components of the immune system can be damaged as a result of oral
treatment with patulin. In the first of these (Escoula et al.,
1988a), in which patulin was administered by gavage at a dose of 10
mg/kg body weight to mice for &4 days, several indices of immune
competence were affected. These included a decrease in the number of
peripheral 1lymphocytes (but not neutrophils), a decrease 1in the
absolute number of spleen lymphocytes, particularly the B-cell
population with a corresponding increase in the T-cell population, and
a decrease in serum immunoglobulin levels. In the second study (10
mg/kg body weight for &4 days) (Escoula et al.,, 1988b) the
immunoglobulin 1levels were also decreased but resistance to the

pathogen Candida albicans was enhanced with a corresonding increased

neutrophil count, indicating that treatment with patulin compromised
only certain components of the rodent immune system. In vitro studies
by Escoula et al. (1988a) bolstered the case that patulin has an
effect on some components of the immune system. For example, at a
concentration of 6.5 x 10—6M patulin caused suppression of the
chemiluminescence response of stimulated peritoneal mice and rabbit
leukocytes. The mitogenic response of mouse lymphocytes to the
mitogens phytohemagglutinin, concanavalin, and pokeweed was reduced by
patulin at 1.3 x 10—6M. A much earlier study (Delaunay et al., 1955)
showed that at a concentration of 1.30 to 1.95 x 10—5 patulin
inhibited the phagocytic activity of polymorphonuclear leukocytes and
macrophages. Thus patulin was able to suppress the cellular and

humoral response both in vitro and in vivo.
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Chronic Toxicity

Long-term testing of patulin using oral administration regimens was
limited to two studies on rats. In one study (Osswald et al., 1978)
weanling female Sprague-Dawley rats (50 per group including a control
group) received by oral gavage a dose of 1 mg/kg body weight twice weekly
for 4 weeks followed by an oral dose of 2.5 mg/kg body weight twice
weekly for an additional 66 weeks. The rats were observed for 110 weeks.
There were no differences between control and patulin-treated groups in
the incidence of tumor-bearing rats for all tumors or in the incidence,
frequency, and latency of individual tumors. There was, however, a low
number (statistically not significant) of wunusual but benign stomach
tumors in the treated group.

Another study (Recci et al., 1981) included groups of weanling male
and female FDRL Wistar rats (70 rats per sex per patulin treatment and
100 per sex per control) which were the offspring of rats administered O,
0.1, 0.5, or 1.5 mg patulin/kg body weight by oral gavage for 4 weeks
before mating and during mating, gestation, and lactation. These rats
received the same dose levels of patulin, corresponding to the respective
parenteral treatment groups by oral gavage three times a week for 24
months. There were no treatment-related tumorigenic effects in terms of
total tumors per group, average number of tumors per rat, or tumor
latency or differences due to treatment in regard to hematology, clinical
chemistry, or urine analytical parameters. Mortality was increased at
the high level of the toxin associated with pulmonary and laryngotracheal
inflammation.

Another study by Osswald et al. (1978) was carried out with Swiss
mice. Twelve pregnant animals were administered twice-daily doses of 2
mg patulin/kg body weight by oral gavage during days 14-19 of pregnancy.
The offspring (50 females and 43 males) and dams were observed throughout
life. Fewer offspring from patulin-treated than from control rats
survived but no treatment-related effect on incidence of tumor-bearing
mice was noted. It was reported, however, that malignant tumors of
lymphoreticular origin were observed in a high proportion of the
surviving dams while a smaller proportion of the dams in the control
group developed benign tumors. No statistical analysis or inferences

were reported for the latter data.

Protection by Sulfhydryl Compounds

An important aspect of the biological effects of patulin is 1its

apparent reactivity with thiol-bearing compounds. There have been many
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examples of how this reactivity can modify and in most cases attenuate
the biochemical or toxic effects of the toxin (Table 11). The
bacteriostatic and mitostatic activity of patulin can be partially or
fully prevented by prior exposure of the toxin to cysteine or other
SH-containing ccmpounds. The same is true for most of the SH-dependent
enzymes (e.g., aldolase, aminoacyl-tRNA synthetase, lactic acid
dehydrogenase, and urease) inhibited by patulin. An exception is yeast
alcohol dehydrogenase (Ashoor and Chu, 1973a). The reason for the
exception is not known. However, patulin has a much higher affinity for
the dehydrogenase than does a similar mycotoxin, penicillic acid, whose
inhibition is reversed by the addition of cysteine (Ashoor and Chu,
1973a). As for aldolase (Ashoor and Chu, 1973b), it may be necessary to
form the adduct of cysteire and alcohol dehydrogenase by preincubation of
both before testing for activity of the enzyme and possible SH-compound
protection. Evidence has been presented, however, that once formed, the
patulin-cysteine adduct complex 1is biologically stable, resisting
metabolism by strains of E. coli in culture (Lindroth and von Wright,
1978).

Many other processes (Table 11) affected by patulin but markedly
less so in the presence of SH-containing compounds have been reported.
For example, dermal toxicity of patulin to the mouse or chick embryo was
considerably less or absent with the cysteine adduct of patulin and with
the glutathione adduct of patulin. The in vitro dinhibition of
translation, glycine transport, and normal Na and K ion flux by patulin
was at least partially reversed by cysteine or glutathione. The in
vivo immunosuppression by patulin was partially prevented by cysteine.
Patulin acted in an additive manner with another sulfhydryl
group-reactive compound, para-chloromercuribenzoate, in inhibiting the
activity of aminoacyl-tRNA synthetase. The enzyme-inhibitory action of
this compound was also reversed by thiol compounds (DiSabato and Kaplan,
1963; Fondy et al., 1965). However, the protection by sulfhydryl
compounds was frequently incomplete (Table 11); in at least one SH enzyme
(alcohol dehyrogenase) the action of patulin was not affected by an SH
compound, and in one case the effect of patulin (on SCE) was apparently
potentiated by cysteine. As indicated in Table 11, simple addition of
cysteine to the assay system was sometimes ineffective (preincubation or
adduct formation was necessary) as were several thiol compounds other
than cysteine (Cavallito and Bailey, 1944).

Singh (1967) reported that glyceraldehyde dehyrogenase, an
SH-dependent enzyme, did not react with cysteine and that the reaction
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Table 11. Modification of Patulin Activity by Sulfhydryl Compounds?
Reference Compound Activity Change
Rondanelli GSH, Cys, Mitostatic Prevented
et al., 1957 Dimercap
Geiger and Cys, Thiogl, Thios Bacteriostatic Prevented by
Conn, 1945 (preincubated with (E. coli, S. aureus, Thiogl and Thios;

Ashoor and
Chu, 1973b

Arafat
et al., 1985

Arafat
et al., 1985

Ashoor and
Chu, 1973a

Reiss, 1979
Ashoor and
Chu, 1973a

Hatey and
Gaye, 1978

Hofmann
et al., 1971

Ciegler, 1977

Ciegler, 1977

Delaunay

et al., 1955
Ueno

et al., 1976

patulin)
Patulin-Cys
adduct

GSH, Mercap,
Dithio

pCMB

Cys

Cys

Cys

GSH

Patulin-GSH adduct

Patulin-cys adduct

Patulin-cys adduct

Patulin-cys adduct

GSH, Dithio

B. subtilis, S.

lutea) activity

Inhibition of
muscle aldolase

Inhibition of
mouse aminoacyl-
tRNA synthetase

Inhibition of
aminoacyl-tRNA
synthetase

Inhibition of
muscle LDH

Inhibition of
urease

Inhibition of
yeast ADH

Inhibition of in
vitro translation-
rabbit reticulocyte
cell-free system

Dermal toxicity-
rabbit skin test

Mouse ip toxicity

Chick embryo
toxicity

Inhibition of
respiration-
polymorphonuclear
leukocytes

Inhibition of Na'-
dependent-glycine
transport-rabbit
reticulocytes

partially by Cys
Partial

reversal
Prevented (and
change in UV
absorption of
patulin)®
Inhibition by
compound
additive with

patulin

Reversed

Partial reversal

No effect

Reduced

Reduced

4 x LDSO—no
toxicity

50 x LDSO—no
lethality but
some

teratogenicity

Reduced

Prevented
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Table 11 (continued)

Cooray Cys Inhibition of DNA DNA and SCE
et al,, 1982 synthesis, increase effect
SCE of human modifiedd
lymphocytes
Escoula Cys Immunosuppression Partially
et al., 1988a prevented
Hinton Dithio, GSH Enhanced Na and Prevented
et al., 1989 K ion flux

aGsH = glutathione, Cys = cysteine, Dimercap = dimercaptopropanol, Mercap =
mercaptoethanol, Dithio = dithiothreitol, pCMB = parachloromercuribenzoate, Thiogl
= thioglycolate, Thios = thiosulfate, SCE = sister chromated exchange.

Inhibition not prevented by simple addition of cysteine to assay system; chemical
analysis of inactivated enzyme indicated decrease of free -SH and -NH, groups.
CInhibition partially or totally prevented, depending on specific enzyme.

Cysteine prevented the inhibition of DNA synthesis but potentiated elevation of SCE
by patulin.

between patulin and cysteine is slow. The latter is disputed by others
who also demonstrated the pH or buffering dependency of the reaction
(Hofmann et al., 1971; Ciegler, 1977). Nevertheless, from all the data
presented one can generalize that the biological activity of patulin can
be modulated by compounds containing free SH groups. In one enzyme
studied (aldolase), the diminution of activity by patulin coincides in
part with blocking some of the SH (and NHZ) groups (Ashoor and Chu,
1973b), providing compelling evidence that the toxicity of patulin can be
at least partially attributed to its reaction with the SH groups of
protein. It is logical to surmise, however, that other groups of
proteins, particularly the free amino groups, can also be attacked by
patulin (Ashoor and Chu, 1973; Ciegler, 1977). That this must be the
case is seen in the reports reviewed by Singh (1967) that other non-thiol
amino acids protect against the toxicity of patulin. No information has
been presented thus far concerning possible adduct formation between
patulin or its metabolites and nucleic acids in vivo, although atempts to
demonstrate binding of patulin to DNA in vitro have failed (Thust et al.,
1982; Lee and Roschenthaler, 1987). Some evidence suggests that patulin,
at least in the presence of a bivalent metal ion and a reducing agent,
can inflict molecular damage via a free radical mechanism (Lee and
Roschenthaler, 1987). Riley et al. (1989) confirm that the excessive
blebbing and increase in malonaldehyde formation in renal epithelial
cells caused by patulin in vitro can be prevented by treatment with
iron chelators. Apparently this treatment delays but does not prevent
cell death, suggesting more than one mechanism of toxicity for

patulin,
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In Vivo Disposition of Patulin

In a study of the disposition of patulin after its ingestion (Dailey
et al., 1977b), 14C patulin, 3 mg/kg body weight, was administered by
oral gavage to male rats. At various times the animals were sacrificed
and tissues, feces, and body fluids were analyzed for radioactive
content. Approximately 497 of the radioactivity was excreted in the
14002. No

unmetabolized patulin was recovered in the wurine. The peak of

feces and 367 in the wurine; only 27 was expired as

radioactivity in the tissues appeared between 24 and 48 hr. Data from
this study were calculated 1in terms of concentration of patulin
equivalents for some of the tissues at 24 and 48 hr (Table 12). The
highest amount of radiolabeled material (approximately 3 x 10_5M) was
found in red blood cells and appeared to be retained for a number of days
after dosing, indicating strong bonding between the red cell membrane and
patulin or metabolite(s). A much smaller level was found in the plasma
or in the other tissues of the body, although levels in the kidney,
liver, or spleen were in the range of in vitro effect levels of patulin
(Tables 2-8). The small amount found in the brain, however, would
preclude direct action of patulin on this organ as the cause of
convulsive and other CNS effects (Devaraj et al., 1982). This is in
agreement with the lack of effect of in vivo treatment with patulin on
brain Na+—K+ ATPase found for other organs (Phillips and Hayes, 1977).
Although no unmetabolized patulin was found in the urine, it cannot be
extrapolated that the parent compound did not reach some of the tissues
at effect levels. The in vivo studies cited show that biologically or
biochemically active species of patulin either reached certain target
organs (e.g., liver and bone marrow) in effective concentrations or

elicited their effects indirectly (e.g., through hormonal mediation).

Interaction

Finally, since patulin is produced by mold species that elaborate
other toxic metabolites and are thus likely to be found in some food
products concurrently with other mycotoxins (Lillehoj and Ciegler, 1975;
Ciegler, 1977), data from studies in which patulin and other mycotoxins
were assessed are examined for possible interactions. Dulaney and
Jacobsen (1987) found that patulin and either of two other antibiotics
(rifampin and bottromycin) have synergistic bacteriostatic activity.
Patulin was also synergistic with penicillic acid in regard to toxicity
in dogs. Male dogs given sublethal doses of both toxins (penicillic

acid, ip, and patulin, iv) presented general toxic signs and pulmonary
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Table 12, 1In Vivo Disposition of 140 Patulin Administered Orally

to Ratsa.
Concentration of Patulin Equivalent (M)
Time After Dosing

Organ or Tissue 24 hr 48 hr
Red blood cells 3.16 x 107 3.36 x 107
Whole blood 1.37 x 107° 1.59 x 107
Kidney 7.51 x 107° 4.32 x 107°
Liver 2.48 x 107° 2.07 x 1070
Spleen 4.47 x 107° 10.7 x 107°
Lung 1.94 x 107° 2.38 x 107°
Bladder 1.19 x 107° 0.88 x 1070
Plasma 1.35 x 107° 0.80 x 107°
Adrenal 1.18 x 107° 1.91 x 107°
Ovary 1.16 x 107° 0.71 x 107°
Testis 0.38 x 100 0.60 x 107°
Brain 0.28 x 107° 0.33 x 107°
Muscle 0.24 x 107° 0.20 x 107°

Calculated from data of Dailey et al. (1977). Rats administered 3 mg
patulin/kg body weight by oral gavage; male and female data combined.
(DPM/g tissue or DPM/ml whole blood or plasma converted to concentrations
shown by using value given for specific activity of patulin (0.86
uCi/mg).

lesions resembling those in animals given lethal doses of patulin itself
(Reddy et al., 1978). 1In the case of rubratoxin and patulin given ip to
male rats, evidence was presented for an antagonistic type of
interaction, i.e., patulin reduced the toxic effects of rubratoxin, and
rubratoxin prevented the stimulation of hepatic MFO activity by patulin
(Kangsadalampai et al., 1981). For 4-day-old chick embryos, however, the
toxic effects of patulin and citrinin were simply additive (Ciegler,
1977). Thus, although more work is indicated here, measurement of
specific biological systems indicates that interaction between patulin

and some other mycotoxins may exist.
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SUMMARY

Patulin 1s moderately to highly toxic to cells and intact
organisms after acute or subacute oral administration. It may be
considered a moderately potent immunomodulator, effector of
chromosomal and membrane damage, and dinhibitor of macromolecular
synthesis and muscle contraction. Mechanism of toxicity appears to be
at least partially via reaction with sulfhydryl and amino groups of
proteins and possibly through a process of free radical generation.
Little or no evidence has been presented that it is a teratogenic or
carcinogenic agent. Additional work is needed in the area of

long-term testing and in its in vivo disposition and metabolism.
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Ochratoxin/Citrinin as Nephrotoxins

WILLIAM O. BERNDT, Department of Pharmacology, University of Nebraska
Medical Center, Omaha, NE 68105, USA

INTRODUCTION

The mycotoxins are a diverse group of secondary fungal
metabolites. The diversity of chemical structure suggests that toxic
mold metabolites may have the potential to cause diseases either after
ingestion or contact on the skin. The mycotoxicoses that result from
exposure to these compounds may be expressed as dysfunction of nervous
system, the 1liver, the kidneys or potentially many other organs.
Clearly, fungal infestation is not a requirement for the production of
mycotoxicoses. Although the ability of certain mycotoxins to alter
renal function in man has been debatéd only relatively recently, human
contact with fungal toxins is not a new experience. Bagger (1931) had
suggested that the earliest encounter of human mycotoxicoses were the
ergotism episodes of the Middle Ages. It is 1likely that earlier
occurrences also happened, but undoubtedly the frequency of such
occurrences has decreased considerably in modern times. With the
development of modern storage techniques for food, fungal
contamination, as well as contamination by other microorganisms, has
been greatly reduced and often is not considered a serious problem.
Indeed, although human mycotoxicoses have not been ignored in recent
times, it is nonetheless true that a much greater effort has been
expended to address the problem of fungal contamination of animal
feeds.

Although animal poisoning with secondary fungal metabolites has
been of greater interest in recent times, this does not mean that there
are not documented cases of human intoxication. Hayes (1979)
summarized several such examples. Epidemiological data have suggested
that aflatoxin ingestion by various human populations in several
countries have led to severe liver disease as well as hepatocarcinoma.

Although some of these studies were not ideal, it was possible in a
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general way to demonstrate a cause and effect relationship between the
consumption of common food types that were mold-contaminated with

measurable quantities of aflatoxins and the resultant disease.

ANIMAL EXPERIMENTS

Experiments with laboratory animals have become quite common in
the study of the effects of fungal toxins. Fetocidal effects as well
as teratogenesis have been observed with aflatoxin By, ochratoxin A,
rubratoxin B, T-2 toxins, etc. (Hayes, 1978). Other organ-specific
effects also have been reported, for example, rubratoxins (liver),
penicillic acid (cardiovascular system), and citreovirdin (nervous
system), to cite but a few.

Well documented effects on renal function of certain mycotoxins
have also been demonstrated using an animal model. Although
morphological changes in the dog kidney have been reported with
aflatoxin B, and rubratoxin B (Hayes and Williams, 1977) the clearest,
best documented effects have been reported with ochratoxin A and
citrinin. Some of these 1latter data will be summarized here,
particularly as they contribute to an understanding of the mechanism
of action of these compounds. Hence, this overview is not intended to
be an exhaustive discussion of animal nephrotoxicity produced by
ochratoxin A or citrinin.

Citrinin produces a sustained disruption of renal function in the
Sprague-Dawley rat after the administration of a single dose. The
renal dysfunction in this laboratory model is characterized as "a high
output" renal failure. Daily urine output is three to four times
normal with a maximally effective dose of citrinin and urinary
osmolality is greatly reduced. Proteinuria also is observed. These
effects are accompanied by a rise in blood urea nitrogen (BUN) as well
as creatinine, traditional hallmarks for renal failure. Complicated
effects also are observed on the excretion of sodium and potassium.
Although the effects on the excretion of these two cations is somewhat
more variable, the effects observed are clearly not consistent with
normal renal function. Morphological studies have demonstrated a
disruption of the structure of the convoluted part of the proximal
tubules. Distal tubular damage was not observed in the studies.
Maximal effects on structure were observed 48-72 hours after
administration of a single dose of citrinin with recovery being evident
by 96-120 hours. The morphological observations are quite similar to

effects noted with other nephrotoxic substances, although the damage
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in the rat kidney was confined to the proximal convoluted tubules
without evidence of damage to the straight part of the proximal tubule.
Details of all of these studies are in the literature (Berndt and
Hayes, 1977; Phillips et al., 1980; Lockard et al.,1980). Finally, it
should be noted that the overall pattern of response in the rat agreed
well with that reported in the literature in other animal species,
for example, the pig (Krogh, 1976; Krogh et al., 1973) and poultry
(Elling et al., 1975).

Efforts to understand the underlying biochemical events relating
to citrinin-induced nephrotoxicity have been less successful. There
is little doubt that citrinin must be transported into renal cortical
cells in order to exert its toxic effect. If rats are pretreated with
probenecid before administration of citrinin, the toxic response is
greatly reduced or completely eliminated (Berndt and Hayes, 1982).
Furthermore, there is direct evidence that citrinin is transported by
the organic anion transporter located in the proximal tubule of the rat
kidney (Berndt, 1983). Despite only relatively modest plasma protein
binding of citrinin, the above observations suggest if tubular
transport of citrinin does not take place, renal toxicity is minimized.
Citrinin is metabolized modestly in the rat (perhaps as much as 10-
20%), and although the metabolites have not been identified, there is
suggestive evidence as to what these metabolites might be (Phillips et
al., 1979). Citrinin reduces both hepatic and renal glutathione
promptly after administration of a nephrotoxic dose (Berndt et al.,
1980). The magnitude of the reduction is not as dramatic as seen with
other nephrotoxicants, but this reduction does suggest the possibility
of conjugation of citrinin with glutathione. Recovery of organ
glutathione content is rapid, consistent with the fact that citrinin‘s
disappearance from the rat is nearly 90% complete within the first 24
hours. The fact that citrinin metabolism does occur suggests that this
compound may have the ability to react with certain cellular
constituents in addition to glutathione. Studies were undertaken to
examine whether or not citrinin might covalently bind to macromolecules
in the kidneys (Berndt, 1982). cl—citrinin was used in these studies
and it was found that radiocactivity persisted on a TCA-insoluble
material after numerous extractions with solvents known to dissolve the
parent compound. Although such evidence has been taken with other
nephrotoxicants to indicate that covalent binding is the initiating
event in the development of nephrotoxicity, it must be noted that other

effects of the parent compound have been observed. These effects,
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which could be the prelude to the development of citrinin
nephrotoxicity, occur very early after exposure of tissues to citrinin,
which suggest metabolism may not underlie the toxic event. Berndt and
Hayes (1981) found that renal cortical tissue exposed to citrinin in
vitro demonstrated a disruption in calcium movement as early as 30-60
seconds after addition of the citrinin to these tissues in an
incubation medium. Although it is not clear how disruption of calcium
metabolism leads to acute renal failure, this was the earliest
documented effect of citrinin, an effect which in all 1likelihood
precedes the metabolic events.

Ochratoxin A also has been studied in laboratory animals.
Although the effects of ochratoxin A and citrinin are similar in the
Sprague-Dawley rat, their effects on renal function are not identical.
Proteinuria and glucosuria have been observed with both substances, as
have been reductions in urine osmolality. However, ochratoxin A does
not appear to cause the "high output" renal failure, a clear hallmark
of the citrinin-induced toxicity in the rat and other species. The
differences observed in the nephrotoxic response to these two compounds
may relate, in part, to differences in the toxicokinetic
characteristics. Jordan et al. (1977) and Berndt et al. (1980) found
that repeated, low doses of citrinin failed to produce a nephrotoxic
response. On the other hand, repeated dosing with ochratoxin A seemed
to be important for the production of nephrotoxicity in the rat (Berndt
and Hayes, 1979; Suzuki et al., 1975). Repeated doses of ochratoxin
A in the rat did result in a reduction in renal glutathione, an effect
similar to that seen with citrinin. Liver glutathione also was
reduced, but only late in the treatment protocol at the time when renal
dysfunction was observed (Berndt et al., 1980). Ochratoxin A has been
observed to produce renal dysfunction in a number of animal species
(Huff et al, 1975; Galtier et al., 1981). 1In this regard citrinin and
ochratoxin A show another similarity.

Although many efforts have been undertaken to delineate a
mechanism of action of ochratoxin A (Krogh et al., 1974; Meisner and
Selanik, 1979; Meisner et al., 1981) most of these studies have only
served to focus attention on sites within the kidney where the action
may occur. However, Meisner et al. (1983) demonstrated that ochratoxin
A decreased mRNA encoding for phosphoenolpyruvate carboxylase in the
rat kidney, which suggests a new approach to examine the underlying
mechanism of the nephrotoxic response.

Hence, it is clear from the literature that a clear understanding
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of the mechanism of toxicity for either citrinin or ochratoxin A is at
the present time unknown, as is true with most nephrotoxicants. Based
on present observations, it is not even certain that the two toxins
have the same mechanism of action. 1Indeed, further studies may well
reveal quite different mechanisms of toxicity for these two
nephrotoxins, at least this might be suggested from the apparent

differences in the toxicokinetics of citrinin and ochratoxin A.

EFFECTS IN THE HUMAN

Both citrinin and ochratoxin A clearly have effects in a wide
variety of animal species. It is not surprising, therefore, that
various workers have suggested that one or another of these substances
might be involved in the production of nephrotoxicity in the human.
In particular, several workers have suggested that the endemic Balkan
nephropathy may the end result of such intoxication.

The final answer as to whether or not mycotoxin ingestion causes
human renal dysfunction, including endemic Balkan nephropathy, remains
to be learned. Barnes (1967) suggested that mycotoxins may be involved
in this disease, although other possible etiologic agents also might
be involved. Krogh et al. (1977) noted the similarities between
porcine nephropathy and the Balkan disease, as well as the presence of
ochratoxin A in various foodstuffs and blood samples of affected
individuals. However, Barnes et al. (1977) also noted that the most
frequent mold contaminant from the same food samples was not an
ochratoxin A or citrinin producer. Hence, even at the outset this
issue was not clear cut, nor does it remain so today.

Many workers agree that endemic Balkan nephropathy is
characterized by more than simply renal dysfunction. Tumors of the
urological system occur in humans along with renal dysfunction.
Interestingly, renal tumors have been produced in animals treated with
ochratoxin A or citrinin. For example, Bendele et al. (1985)
demonstrated in a 24-month feeding study that ochratoxin A was a renal
carcinogen in B6C3Fl mice and a hepatic carcinogen in female mice of
this same strain. Similarly, Aria and Hibino (1983) demonstrated that
male, F344 rats fed 0.1% citrinin in an eighty-week study, had a 73%
incidence of renal adenomas after forty weeks while the control animals
had no tumors. Hence, the two primary mycotoxins thought to be
associated with endemic Balkan nephropathy appear to be tumorigenic,
consistent with the reports in the human population in the affected

areas. However, beyond the superficial evidence of nephrotoxicity and
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tumorigenesis, the correlation between exposure to citrinin and
ochratoxin A and the occurrence of specific diseases in the human
population becomes more difficult to assess. With respect to the
tumorigenesis, it is noteworthy that Bendele et al. (1985) failed to
demonstrate that ochratoxin A was mutagenic utilizing a battery of
bacterial and mammalian cell assays. On the other hand, Kane et al.
(1986) did demonstrate that rats fed ochratoxin A for twelve weeks
showed evidence of DNA single-strand breaks in both liver and kidney.
These observations utilized the alkaline elution method.

After Barnes’ initial suggestion that fungal toxins might underlie
the endemic Balkan nephropathy, several workers have examined this
problem. Krogh and colleagues (Pavlovic et al., 1979 and Krogh et al.,
1977) were able to demonstrate the presence of ochratoxin A in
foodstuffs. In both studies a variety of cereals and breads were
examined in an area of Yugoslavia where the Balkan nephropathy was
prevalent. 1In one study the frequency of occurrence of ochratoxin A
contamination of cereal was approximately 9%, but with a considerable
variation with some frequencies as high as 43%. These contaminations
were higher than found in other areas where the disease was not
prevalent. Similar studies were undertaken by Petkova-Bocharova and
Castegnaro (1985). These investigators examined cereal samples from
an area of Bulgatia where both the Balkan nephropathy and urinary
system tumors were well established. Ochratoxin A occurred in
approximately 17% of the bean samples in the endemic area as compared
to 7% in the control area. The concentrations of ochratoxin A in each
of these samples were approximately the same. A similar discrepancy
was found in the maize samples tested from the endemic and non-endemic
areas. Petkova-Bocharova et al. (1988) also conducted a survey of
blood samples taken from subjects who lived in the affected and non-
affected areas of Bulgaria. These investigators reported that
ochratoxin A positive samples were found more often in the affected
area than in the non-affected area. It is data of this type that have
led many investigators to suggest that the endemic Balkan nephropathy
is caused by certain mycotoxins present in the food and that the
affectgd subjects are exposed on a chronic basis through their normal
life styles.

If the hypothesis is true, it would be extremely valuable to
conduct controlled, laboratory experiments wherein animals would be
treated on an intermittent basis over a long period of time with

contaminated food containing ochratoxin A at relatively 1low
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concentrations. This approach would mimic the most likely method of
exposure for humans. That is, it is likely that the humans exposed to
the fungal toxins received them on an irregular, intermittent basis
rather than a fixed dose on continuous day-to-day basis. Such an
experiment would not give insights into the mechanism of toxicity, but
would help establish whether or not ochratoxin A is a likely etiologic
agent. Such an approach also would be consistent with the rather
dramatic variability observed in the contamination of foodstuff with
ochratoxin A as well as the variability observed in blood samples taken
from patients living in affected areas.

Despite the persistence of the suggestions that fungal toxins may
underlie Balkan nephropathy, there are dissenters. Hall (1982) has
presented an excellent review of these various viewpoints, and these
issues continue to be debated. Nichifor et al. (1985) examined the
water in affected and non-affected areas. These investigators found
that in the endemic areas the water had higher levels of cadmium,
chromium, manganese, and cobalt than did the water in the non-endemic
areas. These authors believe that ecologic factors such as metal
contamination may underlie the disease. Radovanovic (1987) has
suggested, based on epidemiological data that the Balkan nephropathy
may be caused by a "slow virus" that is transmitted by rodents which
contaminate the food and other articles in the households of the
affected families. Earlier, Draganescu et al. (1983) found that
inoculation of guinea pigs with serum samples from patients with this
disease resulted in a morphologically similar disease in the guinea
pig. These data show that a blood-borne agent is present in patients
with the disease and these authors concluded a role for viruses in the
production of endemic Balkan nephropathy.

Attempts to establish clearly that fungal toxins, heavy metals or
viruses as causative agents in endemic Balkan nephropathy have not
succeeded. The lack of consistency in finding contamination by any one
of these agents in an affected area has continued to be a major
problem. 1In addition, none of the hypotheses have taken into account
the possibility that the effects observed are the results of
interactions of contaminating agents rather than an effect produced by
one or another agent alone. It is extremely likely that if, for
example, fungal toxins underlie the disease, individuals who are
exposed to one fungal toxin also will be exposed to other fungal
toxins. More than one mold has been shown to be a contaminant of

various of the cereals studied and these molds can produce a variety
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of secondary metabolites. A similar arggment could be made if one were
to ascribe to the hypothesis that certain metals in the drinking water
are responsible for the disease. Of course, it is also possible that
an interaction between some of the metals and some of the fungal toxins
may underlie the disease. Preliminary data have been obtained which
suggest that there is a possibility for fungal toxin interaction
(Berndt et al., 1980), but these studies have not been pursued in an
effort to truly mimic the long term effects of low-dose administration
of the fungal toxins. Although none of these studies offer insight
into possible mechanisms by which the endemic Balkan nephropathy
occurs, the studies would be useful in delineating which agents are
likely to be the causative ones. Mechanistic studies could follow such

evidence.

SUMMARY

Although there is evidence of human diseases caused by products
of fungal metabolism, it is not certain whether renal dysfunction is
such a disease. In animal models it has been demonstrated that
ochratoxin A or citrinin are nephrotoxic. These two fungal toxins have
similar, but not identical effects in the rat. Citrinin has been found
to disrupt renal function in every species in which it has been tested.
It has not been suggested as a possible cause of endemic Balkan
nephropathy in humans, because it has not been found as a food
contaminant in households of affected individuals. Ochratoxin A,
however, has been found in plate scrapings and in the blood of those
afflicted. The incidents of these observations have been far from
100%, but always higher than in control populations. Other potential
causes of the human disease also have been suggested, e.g., viruses,
metals, etc. A final solution to the cause of endemic Balkan

nephropathy is still uncertain.
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